A surface membrane 3'-nucleotidase from Leishmania donovani promastigotes has been purified to SDS/PAGE homogeneity. The enzyme has apparent subunit molecular mass of 38 kDa, pl 5.8 and a broad pH optimum, 5.5-7.5. EDTA partially inhibited the enzyme activity, which was fully restored by Co2+; Mg2+, Ca2+ or Mn2+ had no effect on the activity. ZnCl2 or dithiothreitol at 1 mm was inhibitory at pH 7.5, but was without effect at pH 5.5, whereas at both pH values 5 mm of either compound inhibited the enzyme. The substrate-specificity of the purified enzyme is restricted to ribonucleoside 3'-phosphates. 3'-AMP and 3'-IMP are the best substrates, whereas ADP, ATP, 2'-deoxyadenosine 3'-phosphate and 5'-AMP are competitive inhibitors of the enzyme. The enzyme showed low latency in intact-cell preparations. The kinetic properties and the surface membrane localization of the enzyme suggest its implication in the formation of nucleosides from 3'-nucleotides of the parasite's host.
INTRODUCTION
Several species of the protozoan family Trypanosomatidae have surface-membrane-bound 3'-nucleotidase (EC 3.1.3.6). These trypanosomatids include Leishmania [1, 2] and African trypanosomes [3, 4] , which are pathogenic parasites of man, as well as Crithidia luciliae [5] , a non-pathogenic parasite of insects. 5 '-Nucleotidase (EC 3.1.3.5) activity has also been detected in Leishmania species [6, 7] , but is apparently absent from Trypanosoma brucei [2] and T. rhodesiense [8] . 5'-Nucleotidases are widespread in mammalian cells, where they occur as plasmamembrane-bound enzymes [9] responsible for producing adenosine extracellularly [10] , and as cytosolic enzymes implicated in the intracellular formation of adenosine from AMP [11, 12] or of inosine from IMP [13] . 3'-Nucleotidase is generally not associated with mammalian cells [14] , even though 3'-nucleotides are available through nucleic acid hydrolysis in several mammalian tissues, especially the spleen [15] , where leishmanial parasites could reside in susceptible mammals. Therefore, since the plasma membrane is permeable to nucleosides rather than nucleotides, it seems likely that the physiological role for the leishmanial enzyme is the processing of exogenously available 3'-nucleotides into a form suitable for transport across the surface membrane of the parasite, which is incapable of purine synthesis de novo [16] .
It is necessary to purify an enzyme to homogeneity in order to study its regulation and, in this case, its role in the host-parasite relationship at the molecular level. The purification of 3'-nucleotidase with an associated nuclease activity from the nonpathogenic insect parasite C. luciliae [5] was recently reported. However, despite the high activity of 3'-nucleotidase in homogenate and membrane extracts of leishmanias and the potential interest in its exploitation for therapy of the diseases they cause, there has been no report of the purification of the enzyme from Leishmania. In the present paper, we report the purification of L. donovani 3'-nucleotidase and also describe some of its properties. The substrate specificity, enzyme reaction and inhibition kinetics as well as the surface-membrane localization of this leishmanial enzyme suggest its implication in the formation of nucleosides from 3'-ribonucleosides in mammalian host.
MATERIALS AND METHODS

Chemicals
All the nucleotides used were obtained from Sigma. Nuclease activity was determined by measuring the A260 of acid/ethanol-soluble product released from poly(A) by the enzyme as described previously [18] . Acid phosphatase was assayed by measuring the A410 of p-nitrophenol released from pnitrophenyl phosphate at pH 5. Alanine aminotransferase was measured essentially as described in [19] . For all enzyme assays, 0.2% Triton X-100/1 mM-NaN3]. The column was washed with 120 ml of buffer A before elution with buffer A containing 50 mM-methyl a-D-mannopyranoside and 1 % octyl glucoside. Fractions (7.5 ml) at a flow rate of 0.5 ml/min were collected and assayed for 3'-nucleotidase activity and protein.
DEAE-Sephacel chromatography. Enzyme fractions from Con A-Sepharose were pooled and applied to a 1.2 cm x 10 cm column of DEAE-Sephacel equilibrated in buffer B [20 mM-Tris/HCl (pH 7.2)/0.2% Triton X-100/1 % octyl glucoside/5 % glycerol/ 1 mM-NaN3]. The column was washed with 50 ml of buffer B containing 25 mM-NaCl before elution with a 150 ml linear gradient of 25-250 mM-NaCl in buffer B. Fractions (5 ml) were collected at a flow rate of 0.4 ml/min, and those with 3'-nucleotidase activity were pooled.
Isoelectric focusing (IEF). The DEAE-Sephacel pooled fraction (60 ml) was concentrated 24-fold in a Centriprep 10 microconcentrator (Amicon), diluted 32-fold with buffer C [10 mmHepes (pH 7.0)/0.01 % CHAPS] and finally concentrated to 0.5 ml in the micro-concentrator. To this concentrate was added 1 ml of 40 % pH 3-10 carrier ampholytes, and the mixture was made up to 40 ml with 0.10% CHAPS in deionized water. This mixture was electrofocused in Rotofor preparative IEF cell (BioRad) with 0.1 M-acetic acid and 0.1 M-NaOH as anodic and cathodic electrolyte respectively. Fractions collected after the electrofocusing run were assayed for 3'-nucleotidase activity, and pH values were determined. Fractions containing enzyme activity were pooled, diluted 4-fold in buffer C and then concentrated to 2.5 ml in a Centriprep 10 micro-concentrator.
Gel electrophoresis and staining. SDS/PAGE on slab gel was performed by the method of Laemmli [21] , with 40% acrylamide in the stacking gel and 10 % acrylamide for the separating gel.
One half of the electrophoresed slab gel was stained for protein with the Rapid-Ag staining kit (ICN), according to the manufacturers' instructions. The other half of the gel, containing sample lanes identical with those in the first half, was stained for 3'-nucleotidase essentially as described in [22] .
Latency
For latency experiments, the 3'-nucleotidase and alanine aminotransferase assay mixtures were supplemented with 0.25 Msucrose and 5 mM-glucose, and the reaction started by addition of intact cells (in the presence and absence of 0.1 0% Triton X-100). The reaction was stopped after 10 min at 37 0C.
RESULTS
Purification of L. donovani 3'-nucleotidase
The purification results are summarized in Table 1 . The membrane fraction (8000 g or '8K' pellet) contained 90 % of the total 3'-nucleotidase activity in the cell homogenate. This result, together with the requirement for both detergents, Triton X-100 and octyl glucoside, for solubilization of the enzyme from the membrane pellet, indicated that 3'-nucleotidase is an integral membrane protein. Some 400% of the enzyme activity in the membrane pellet was recovered by Triton X-100, and a further 300% was recovered by re-extraction with octyl glucoside. 5'- Nucleotidase activity was about 7-fold less than the 3'-nucleotidase activity in the homogenate and about 20-fold less in the membrane fraction, but was not detected in further purification steps. All the 3'-nucleotidase activity applied to the Con ASepharose was bound to the lectin affinity gel, from which about 70 % of the activity was eluted by 50 mM-methyl a-D-manopyranoside ( Fig. 1 ). This indicates that the enzyme is a mannosecontaining glycoprotein. The highest increase in specific activity of 3'-nucleotidase between purification steps occurred when the Con A-Sepharose pooled fractions were further fractionated on a DEAE-Sephacel column (Fig. 2) . The specific activity was increased 10-fold by this step, and 68 % of the applied enzyme activity was recovered (Table 1) . Enzyme from each purification step was also analysed on SDS/PAGE, followed by silver-staining and staining for 3'-nucleotidase activity (Fig. 3) single prominent silver-stained band at approx. 38 kDa which co-migrated with the enzyme-activity band (Fig. 3) fraction was stable when stored unfrozen at 0°C for 6 months. The purified enzyme (0.2 mg/ml) was stable at 0°C, but lost activity slowly when highly diluted. pH optimum. When assayed under standard conditions and with a combination of 0.1 M-sodium acetate (pH 4.0-5.5), -Mes (pH 5.0-7.0), -Hepes (pH 6.5-8.5) and -Tris/HCl (pH 7.5-9.5), a broad pH optimum of 5.5-7.5 was obtained for the purified 3'-nucleotidase. The composition of the buffer had no effect on the activity. The pl of the enzyme was about 5.8, as determined by isoelectric focusing. Substrate specificity. Table 2 shows the specificity for various substrates by the purified enzyme. The enzyme hydrolysed ribonucleoside 3'-phosphates only. There was no activity on deoxyribonucleotides, cyclic nucleotides or 5'-nucleotides. The kinetics of the enzyme reaction with 3'-AMP or 3'-IMP as substrate was determined. The enzyme exhibited hyperbolic saturation behaviour with either substrate (Fig. 4) . Vmax values for 3'-IMP and 3'-AMP were 3420 and 2645 units/mg of protein respectively, and apparent Km values of the enzyme for 3'-IMP and 3'-AMP were 0.28 mM and 0.17 mM respectively. Specificity Effect of adenine compounds. The effects of various adenine compounds on 3'-nucleotidase activity under standard assay conditions were determined (Table 3) inhibitor of mammalian plasma-membrane 5'-nucleotidase) inhibited L. donovani 3'-nucleotidase by only about 40 % and 50 % respectively. The results of the substrate-and inhibitor-sensitivities of the enzyme to adenine compounds suggest that an adenine compound must have a phosphate or polyphosphate group at the 3'-or 5'-position in order to bind the enzyme active site, whereas only 3'-AMP serves as a substrate. The following experiment demonstrated that, although 5'-AMP is not a substrate for 3'-nucleotidase, it binds to the enzyme in the presence of non-specific and specific phosphatases that could hydrolyse 5'-AMP in a cell homogenate: when a portion (0.2 ,tg of protein) of the purified enzyme was incubated with L. donovani homogenate (50 ,ug of protein) in a standard assay mixture for 5'-nucleotidase (see the Materials and methods section), 5'-AMPase activity was only 10 % of the activity with the homogenate alone as enzyme source in the reaction mixture (results not shown).
Other inhibition sensitivities. Inclusion of 5 mM-EDTA in the standard reaction mixture partially inhibited (by 25 (0.5 mM) inhibited the activity by 500%, suggesting an involvement of thiol groups in the catalytic mechanism. Zn2+ and dithiothreitol inhibited the 3'-nucleotidase activity to a greater extent at alkaline pH than at acidic pH. The addition of ZnCl2 or dithiothreitol at 5 mm to the reaction mixture at pH 7.5 resulted in approx. 90 % inhibition (Table 4 ), whereas at pH 5.5 inhibition was about 60 %. Addition of 0.5 mM-Zn2+ or 1 mM-dithiothreitol had no effect on the enzyme activity at the acidic pH, whereas there was about 40% loss of activity at pH 7.5.
Latency of 3'-nucleotidase. The enzyme displayed low latency (32 %) as measured on intact cells, whereas the cytoplasmic alanine aminotransferase, included as an indicator of cell integrity, has high latency ( Table 5 ). The results indicate that 3'-nucleotidase of L. donovani promastigotes is located on the outer surface of the cell membrane.
DISCUSSION
This is the first report of the purification to homogeneity of 3'-nucleotidase from a pathogenic parasitic protozoan. The L. donovani plasma-membrane-bound enzyme, which has an apparent subunit molecular mass of approx. 38 kDa, hydrolyses only ribonucleoside 3'-phosphates. Enzymes possessing 3'-nucleotidase activity that have been reported purified from germinating plants [23] [24] [25] , fungi [26] and recently from Crithidia [5] differ from the purified 3'-nucleotidase of L. donovani in their possession also of nuclease activity. The ratio of the specific activity of nuclease to that of 3'-nucleotidase in a typical plant nuclease/3'-nucleotidase, also called class I nuclease, is between 20 and 50 [24] , whereas the specific activity of the crithidial 3'-nucleotidase is 5 times that of the nuclease [5] . This suggests that, unlike the plants which depend on their own nuclease, the parasitic Crithidia or Leishmania in particular depends to a certain extent on its host's nuclease. Besides the 3'-nucleotidase activity, the enzymes from plants and from trypanosomatid protozoa are similar in some other properties. Both types of enzymes are inhibited by EDTA, have apparent molecular masses of approx. 40 kDa and are inhibited by Zn2+ or thiol compounds more strongly at alkaline than at acidic pH. The properties of the purified L. donovani 3'-nucleotidase are similar to those of 3'-nucleotidase activity in the homogenate of L. mexicana mexicana with respect to sensitivities to EDTA and Co2+, and preference for 3'-AMP and 3'-IMP as substrates [2] . A higher apparent Km (0.58 mM) reported for the L. mexicana 3'-nucleotidase [2] than the Km (0.17 mM) that we find for the purified L. donovani enzyme was probably an overestimation, owing to the presence of nonspecific phosphatases in the cell homogenate.
Since Leishmania parasites reside in the digestive tracts of sandfly vectors as well as the phagolysosomal system of mammalian macrophages, nucleotides resulting from degradation of nucleic acids by the host's nucleases should be available for the parasites' possible utilization. For example, 3'-nucleotides are available through nucleic acid hydrolysis in several mammalian tissues, especially the spleen [15] , which is particularly easily invaded by leishmania parasites in susceptible humans. That leishmanias could utilize 3'-nucleotides better than the corresponding 5'-nucleotides should not be surprising, since this has been observed previously in some other micro-organisms [27] . Furthermore, since 5'-nucleotidases are abundant in mammalian cells as plasma-membrane-bound [9] as well as cytosolic enzymes [12] , the parasite might be expected to compete with its host for 3'-nucleotides rather than for the corresponding 5'-nucleotides. In an attempt to assess possible competition between Leishmania and its potential mammalian host for nucleotides, we determined the reaction and inhibition kinetics of purified L. donovani 3'-nucleotidase with various adenine compounds. K, values (0.33-0.67 mM) of the enzyme for 5'-AMP, ADP and ATP are much higher than the Km or K1 values (0.0001-0.1 mM) of mammalian membrane 5'-nucleotidase [28, 29] or lysosomal soluble 5'-nucleotidase [30] for these nucleotides, which are thus less likely to be available to inhibit the leishmanial enzyme. The following observations suggest the implication of leishmanial 3'-nucleotidase in the salvage of the host's 3'-nucleotides: (1) location of the enzyme on the outer surface of the parasite plasma membrane; (2) a broad optimal pH of enzyme activity consistent with the range of environmental pH to which the parasite developmental stages are subjected; (3) the availability of 3'-nucleotides in human cells, which, however, lack 3'-nucleotidase, but possess 5'-nucleotidases with higher affinities than that of leishmanial 3'-nucleotidase for adenosine 5'- phosphates (3'-nucleotidase inhibitors); and (4) high Vmax values of the enzyme for 3'-AMP and 3'-IMP, i.e. 2645 and 3420 ,tmol/min per mg respectively. The observation that 3'-AMP and 3'-IMP are the best substrates for L. donovani 3'-nucleotidase is consistent with the preference for adenine and hypoxanthine salvage in trypanosomatids [31] .
L. donovani grown in medium lacking adenosine exhibited significantly greater levels of 3'-nucleotidase activity than in nutrient-replete cells [32, 33] , and recently it was shown that L. donovani grown in media at acid pH expressed approx. 5 times more 3'-nucleotidase activity than in non-acid media (D. M.
Dwyer & G. 0. Gbenle, unpublished work). These observations suggest that the expression of leishmanial 3'-nucleotidase is regulated in certain growth conditions. Therefore the enzyme may be an important tool for studying regulatory signals in between the parasite's developmental stages. Purine metabolism has been recognized as an appropriate approach to controlling Leishmania species and the human diseases they cause [34] , and, as shown above, 3'-nucleotidase may be an important purinesalvage enzyme essential for the survival of the parasite by making ribonucleosides available. However, much remains to be learnt about the regulation of leishmanial 3'-nucleotidase in vitro before differences between this enzyme and the human 5'-nucleotidases could be employed in a possible therapeutic strategy.
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